Parkinson's disease (PD) is the second most common neurodegenerative disorder and mainly characterised by its motor symptoms of tremor, bradykinesia, rigidity and postural instability. During the last years, it has increasingly been acknowledged that non-motor symptoms, such as dementia, depression or sleep disorders, are also common features. 1 Cognitive decline in PD includes several cognitive domains and presents one of the most debilitating manifestations. 2 There is evidence that approximately 30%-40% of patients with PD develop cognitive deficits and may get dementia (PD-D), starting with mild cognitive impairment (PD-MCI) and evolving to a more generalised dysfunction of cognition. 3 Differences in cognitive profiles -especially executive problems, 4 assumed to be caused by dopaminergic dysfunction in the frontostriatal circuit -are prominent 5 and PD is further associated with diminished spatial and verbal working memory skills. 6 PD can be subclassified into three motor subtypes 7 : tremor-dominant (TR-D), akinetic-rigid, exhibiting postural instability and gait difficulty (PIGD-D) and 'not-determined' (ND), with patients showing mixed symptoms (phenotype abbreviations are used for tables/figures). Whereas the TR-D type is characterised by a resting or postural tremor, patients with akinetic-rigid PD mainly suffer from bradykinesia, akinesia and/or rigidity. Neurodegeneration dopaminergic treatment showing enhancements in spatial and verbal working memory. 11 Patients who have been diagnosed as TR-D tend to progress to the akinetic-rigid type in the course of PD. 12 This theory is in line with research assuming that the transition can be related to the progressive PD pathology, with motor symptoms initially being limited to brainstem functions (as in TR-D PD) to a broader pathology influencing other cortical areas and brainstem regions (as in akinetic-rigid PD). 13 Anyhow, there are inconsistencies among previous research results, particularly with respect to cognitive function and its association with motor subtypes. Therefore, proper diagnosis and examination of cognitive impairments are essential for patient care.
Although there is already some evidence, there is a growing interest and need for a detailed understanding of the subtypes, influencing factors on the individual progression and staging in PD. In contrast to previous studies, we aim at identifying distinct neuropsychological characteristics with respect to the motor phenotype (TR-D, PIGD-D, ND) in the entire group of patients with PD as well as within each diagnosis group (patients with a normal cognitive profile (PD-N), PD-MCI and PD-D), which could help identify a baseline profile and allows predictions about incidence of cognitive impairment and its possible association to motor phenotype. The investigations were performed within the DEMPARK/LANDSCAPE study, 14 a large German cohort study on cognitive functions in PD.
MeThOds

The deMPArK/LANdsCAPe database
The DEMPARK/LANDSCAPE study is a multicentre longitudinal cohort study of patients with PD that aims at documenting the progression of cognition in PD and identifying risk factors for the development of MCI and dementia. Patients have been recruited (n=625 at baseline) in eight movement disorder clinics within university hospitals across Germany (Aachen n=104, Bonn n=44, Dresden n=82, Frankfurt/Main n=83, Kassel n=60, Kiel n=77, Marburg n=82, Tübingen n=93). They were assessed annually in each clinic with a comprehensive clinical and neuropsychological test battery.
14
Participants
Inclusion criteria for the DEMPARK/LANDSCAPE cohort included an age between 45 and 80 years and a diagnosis of idiopathic PD according to the UK Parkinson's Disease Society Brain Bank clinical diagnostic criteria. 15 As also patients with Lewy body dementia according to the criteria by McKeith 16 were included in the cohort study, it is important to note that this work only focuses on patients with idiopathic PD. After the baseline visit the cohort was further divided into three subgroups: PD-N, PD-MCI, which was defined according to the criteria by Petersen, 17 and PD-D who were diagnosed according to the consensus guidelines by Emre et al, 18 operationalised by Dubois et al. 19 Patients with PD with a validated diagnosis and phenotype, aged 50 or above and at least 8 years of education were considered for analysis (n=538).
Clinical assessment
For the clinical assessment, patients were examined by a neurologist. Data collected on the first visit included initial manifestation and duration of symptoms, date of initial diagnosis, Hoehn & Yahr state and medication. Furthermore, patients underwent a physical and neurological examination. Motor symptoms were assessed by the Unified Parkinson's Disease Rating Scale (UPDRS parts I, III, IV; https://www. movementdisorders. org). Additionally, the Neuropsychiatric Inventory, 20 the short form of the Geriatric Depression Scale (GDS), 21 the Parkinson's Disease Questionnaire 39-item version (PDQ-39) 22 and the EuroQol-5 Dimension questionnaire (EQ-5D, https:// euroqol. org) were administered to assess quality of life, symptoms of depression, neuropsychiatric symptoms and limitations in activities of daily life.
Cognitive assessment
This work examines data collected within the patients' initial DEMPARK baseline visit. All neuropsychological assessments were carried out by trained neuropsychologists. The neuropsychological test battery included two screening tests, the Mini-Mental State Examination (MMSE) and the Parkinson Neuropsychometric Dementia Assessment (PANDA), 23 as well as a set of standardised tests for the assessment of different cognitive domains.
Verbal memory was tested by the Consortium to Establish a Registry for Alzheimer's Disease (CERAD) subscores of word list learning, delayed recall and recognition. Non-verbal memory was assessed by CERAD delayed recall of copied figures. Attentional functions were assessed by a Stroop interference task (Farb-Wort-Interferenztest), 24 the Trail Making Test version A (TMT-A) 25 and the Brief Test of Attention. 26 Executive functions were tested by phonemic and semantic verbal fluency subtests of the CERAD+ battery (a version of the CERAD, which adds phonemic verbal fluency and the Trail Making A and B), 27 as well as the TMT-B/A index and the Modified Card Sorting Test. 28 Accordingly, visuospatial functions were assessed by the figure copy task of the CERAD, as well as the subtests LPS-7 (mental rotation) and LPS-9 (spatial imagination) of the German 'Leistungsprüfsystem' 50+ (LPS 50+). 29 Language abilities were assessed by the shortened version of the Boston Naming Test within the CERAD+ battery. The recognition subtest of the CERAD as well as the TMT-A were not considered for diagnosis classification.
Operationalisation of Tr-d, PIGd-d and Nd
The UPDRS III scores built the basis for the motor phenotype classification and were derived as follows. 30 The tremor score was derived by the sum of UPDRS items 20 (resting tremor) and 21 (postural tremor of hands) divided by 7 (number of subitems). The non-tremor score was calculated by summing up UPDRS scores of items 18 (speech), 19 (face expressions), 22 (rigidity), 27 (arising from chair), 28 (posture), 29 (gait), 30 (postural stability) and 31 (bradykinesia/hypokinesia of the body) divided by 12 (number of subitems). TR-D was classified by a ratio (tremor score/non-tremor score) ≥1.5 or a positive tremor score and a 0 non-tremor score (n=40), akinetic-rigid by a ratio ≤1.0 or a 0 tremor score and a positive non-tremor score (n=455). For ND the ratio ranged from >1 to <1.5 or both the tremor and non-tremor scores were 0 (n=43).
statistical analyses
Statistical data analyses were carried out by a central statistician (PN) using SAS V.9.4 (SAS Institute) at the coordination centre for clinical studies (Koordinierungszentrum für Klinische Studien), University of Marburg, Germany. Tests were two sided; except for the correlation analyses, in which the alpha level was set to 0.01 for each test, an alpha level of 0.05 was used throughout all other analyses without adjustment for multiple testing. Differences in demographic, clinical and neuropsychological on 10 October 2018 by guest. Protected by copyright.
http://jnnp.bmj.com/ characteristics and screening tools were tested between motor phenotypes for the entire group of patients with PD and for each diagnosis subgroup separately, controlling for age at baseline, gender, years of education and disease duration. Here, the PD-D subgroup needed to be omitted from comparing phenotypes as it consisted almost exclusively of akinetic-rigid patients (95, 89%). Using the age, education and gender-corrected normative scores (Z scores) of the CERAD+ battery, 27 explicit adjustment was additionally necessary for disease duration. For age-corrected T scores, additional covariate adjustment was performed with regard to the same variables. After adjustments, n=538 patients were included into analyses.
Differences in continuous covariates were tested applying the Kruskal-Wallis test and Dunn's test for multiple post hoc comparisons. Differences in gender were tested with the Χ 2 test. As rank analysis of covariance (ANCOVA) is limited to comparison of groups with similar distributions of covariates, ANCOVA was applied in the entire group of patients with PD and the PD-N subgroup, exhibiting significant differences in disease duration and education between phenotypes. Given the similar distributions of covariates in the PD-MCI subgroup, rank ANCOVA was applied if the normality assumption of residuals was violated by using the Cochran-Mantel-Haenszel mean score statistic, and ANCOVA was performed otherwise. The Tukey-Kramer test was used for multiple post hoc comparisons.
To investigate the relationship between neuropsychological tests and motor symptoms, the Spearman partial correlation coefficient-controlling for age, gender, education and disease duration-was determined between neuropsychological and tremor and non-tremor scores in the entire PD group. In this context, correlations ranging from 0.0<|r|<0.3 were considered as weak, 0.3<|r|<0.7 were considered as moderate and correlations |r|>0.7 were considered as strong. 31 In order to analyse inclusion into a diagnosis group depending on phenotype, covariate-adjusted binary logistic regressions were executed with diagnosis as dependent variable and phenotype as independent variable.
resuLTs
Clinical and cognitive parameters: motor phenotype
Age, education and gender distributions were comparable in each phenotype of the total cohort (see table 1 ). Differences between akinetic-rigid and TR-D PD for the whole group of patients were observed, showing that TR-D patients had a shorter disease duration (p=0.003), fewer symptoms of depression (GDS-15: p=0.002) and better quality of life (PDQ-39: p=0.003; EQ-5D: p=0.005). Moreover, they differed regarding state (Hoehn & Yahr; p=0.002) and in symptoms, with lower UPDRS scores (UPDRS III: p=0.042; bradykinesia: p<0.001; rigidity: p<0.001). Significant differences in resting tremor score were present between ND and akinetic-rigid type (p<0.001) and TR-D and akinetic-rigid type (p<0.001), revealing higher scores for ND and TR-D compared with akinetic-rigid patients. Action tremor scores differed significantly between all phenotypes with highest score for TR-D type compared with ND (p=0.005) and akinetic-rigid type (p<0.001).
Analyses of the short cognitive tests (table 2) revealed marked results for the PANDA, but not for the MMSE, showing better performance of ND compared with akinetic-rigid PD (p=0.003, figure 1 ).
Comparing the different cognitive domains regarding phenotype, the following distinct differences can be reported (table 2, figure 1 ). In the domain of memory functions, significant differences were present for digit span forward, showing better scores for ND compared with akinetic-rigid PD (p=0.033). Additionally, significant differences for the backward condition were also present, in which both ND (p=0.044) and TR-D patients (p=0.012) scored better compared with akinetic-rigid ones. In terms of word fluency, the ND type performed better in semantic word fluency compared with the akinetic-rigid type (p=0.015), while TR-D patients were better in word production of formal-lexical word fluency compared with akinetic-rigid PD (p=0.043). Additionally, card sorting was better in TR-D compared with akinetic-rigid patients (p=0.006). In the cognitive domain of attention, both the ND type (p=0.022) and the TR-D type (p=0.024) showed faster information processing in TMT-A than the akinetic-rigid one. Furthermore, in the visuospatial task (LPS-9) TR-D patients showed superior performance to that of akinetic-rigid patients (p=0.006).
Clinical and cognitive parameters: diagnostic subgroups
When analysing the diagnosis groups separately, we found that within (1) the PD-N group differences between akinetic-rigid and TR-D patients were present for education (p<0.001), showing that the TR-D type had lower education levels. Furthermore, differences between TR-D and ND (p=0.011) and TR-D and akinetic-rigid PD (p=0.020) were observed for the GDS-15, indicating fewer symptoms of depression for the TR-D type. TR-D patients were faster in test performance in TMT-A than akinetic-rigid patients (p=0.021). Next to that, the major findings regarding the motor phenotype classification were that TR-D patients also presented lower scores compared with akinetic-rigid ones in Hoehn & Yahr (p=0.026), bradykinesia (p=0.003) and rigidity score (p=0.014; see table 2 for more details).
(2) Within the PD-MCI group, differences were found for both screening tests, showing better scores for ND compared with akinetic-rigid patients in the MMSE (p=0.004) and the PANDA, illustrating better test results in the ND group compared with TR-D (p=0.038) and akinetic-rigid patients (p=0.002).
Additionally, differences were present for the forward condition of the digit span test, showing that the ND group had, in contrast to the akinetic-rigid group, a better ability to recall longer sequences of numbers (p=0.007).
Moreover, the classification of phenotype was confirmed statistically as differences between TR-D PD and akinetic-rigid PD in terms of lower bradykinesia (p=0.008), lower rigidity (p=0.021), higher resting (p<0.001) and action tremor (p<0.001) were present (table 2) .
Correlation analysis
The correlation analysis of neuropsychological data and non-tremor scores in the entire group revealed weak correlations for akinetic-rigid patients: the PANDA showed a negative correlation with non-tremor scores (r=−0.21940, p<0.001).
Further negative correlations with non-tremor scores were present in semantic word fluency (r=−0.16075, p<0.001). Also, correlations of tests measuring attention were highly significant for the non-tremor measures (Stroop word reading: r=−0.19511, p<0.001; Stroop colour naming: r=−0.21841, p<0.001; Stroop interference: r=−0.19553, p<0.001). In the visuospatial domain, a significant correlation between the non-tremor measures and LPS-9 was observed (r=−0.17007, p<0.001). . Furthermore, the ability of the motor phenotype to discriminate between levels of cognitive impairment was assessed by the area under the receiver operating characteristic curve (AUC, figure 2 ). Although both AUCs were shown to differ significantly from random guessing (AUC=0.5; both p<0.0001), discrimination between PD-N and PD-MCI (AUC=0.6835, figure 2A ) was worse than between PD-N and PD-D (AUC=0.8365, figure 2B ).
dIsCussION
In addition to previous studies we identified for the first time distinct neuropsychological characteristics with respect to the motor phenotype in the entire group of patients with PD as well as within each diagnosis group (PD-N, PD-MCI, PD-D). Akinetic-rigid patients show greater cognitive impairment as compared with TR-D patients, which is in line with previous studies. 9 TR-D patients, however, scored lower in cognitive tests such as digit span, word fluency and attention as compared with ND patients. Executive functions seemed to be most impaired in akinetic-rigid PD, followed by attention and memory.
Furthermore, we found that visuospatial abilities were also affected in akinetic-rigid patients. Test scores measuring word fluency, attention and visuospatial functions showed slightly negative correlations with UPDRS non-tremor scores, from which phenotype classification was derived. Especially the executive and attentive domains correlated with these scores, which again match current literature claiming that motor symptoms have an impact on cognition, 9 32 although these weak correlations have to be interpreted with caution. A recent review on cognitive changes in prodromal PD specifically reported the executive cognitive domain to be impaired in patients with prodromal PD, suggesting that the respective changes may be considered as a marker of disease progression and cognitive decline, 33 which is not surprising as executive functions are affected by frontal lobe regions and are greatly sensitive to synucleinopathies.
Finally, the odds for PD-D versus PD-N were estimated to be eight times higher for the akinetic-rigid than for the TR-D type, indicating that akinetic-rigid patients have a higher risk to develop dementia. In summary, our data demonstrate that cognitive profiles differ substantially for the motor phenotypes. 9 32 Contradictory to current literature, 34 we observed memory impairment only for one neuropsychological test (digit span forward) and mainly in patients with PD-MCI. As already outlined, this could be caused by different cognitive pathways resulting in different cognitive profiles. The 'dual syndrome hypothesis' suggests that deficits in executive functions are related to a dopamine depletion in the frontostriatal circuit, while visuospatial and memory deficits are more linked to a depletion of choline in the posterior loop. 35 In this context, the frontostriatal loop, transmitting from the dorsal striatum to the dorsolateral prefrontal cortex, may be affected earlier in PD. This might indicate that, while posterior cortical disturbances are related to a more rapid progression of dementia, patients primarily exhibiting executive disturbances remain more stable over time. 36 This hypothesis is also corroborated by our findings, as frontostriatal circuits are part of executive functions, which were shown to be impaired. Concerning the different phenotypes, akinetic-rigid PD had more difficulties in word fluency, working memory and sorting abilities compared with TR-D and ND patients. Apart from this, ND patients scored significantly better in formal-lexical word fluency as compared with TR-D patients. Although essential tremor (ET) results from a different pathology, a non-direct parallel can be drawn, as these impairments have also been found in patients with ET, with more difficulties in lexical as compared with semantic word fluency. 37 Investigating differences in phenotypes within a diagnosis group, we found distinctions in digit span forward in the total and the MCI group, indicating a decline in memory performance. Further, distinctions in TMT-A in PD-N and total group indicated an impairment in attention/speed of processing already present in patients with PD with normal cognition. However, it should be mentioned that these differences might also be caused by motor-driven deficits. 38 Furthermore, the MMSE seems to be less efficient in detecting cognitive changes 39 (only in PD-MCI). The PANDA, however, was able to detect cognitive impairment in PD in general, being particularly sensitive in PD-MCI. This screening tool might therefore be well suited to monitor disease progression in a clinical setting. This may also result from its uniqueness for testing cognitive functions that are especially impaired in patients with PD. Thus, a crucial challenge will be to adopt standard cognitive tests for detection of cognitive changes already at an early stage.
As it has been speculated that TR-D patients tend to progress to the akinetic-rigid type in the course of PD, 12 we controlled for disease duration. Interestingly, the proportion of TR-D patients in the PD-D group is very small and one could thus assume that the quantity of TR-D patients diminishes as the disease progresses. Because classification of phenotype was done at baseline, a transition and resulting influence on cognition needs to be addressed in future analyses.
Contrary to our expectations that ND PD is a state in between TR-D and akinetic-rigid PD, we found results indicating better scores for this group for some measures. These results are not in line with a stage-dependent progression. 12 A potential explanation might be that our patients were 'fitter' compared with the other phenotypes. Additionally, this group had lower medication doses, reported a better quality of life and lower depression scores. Furthermore, it also highlights the heterogeneity of the disease, as transition might not occur linear and there might be different biological and pathophysiological mechanisms. At this juncture an interpretation is difficult, as it might be part of the transition process, 12 thus longitudinal analysis might help determine motor changes, as there is a great need to understand the subtypes and individual progression. This study has also some limitations: First, the small and unequal group sizes of the different phenotypes that might have confounded the statistical analyses, however depicting real-life distribution. Second, the PD-MCI diagnosis was not based on the Movement Disorder Society (MDS) criteria, 40 as these were not yet available at study initiation. Third, this study is of cross-sectional nature, thus predictions about distinct progressions of motor phenotypes need to be addressed in analyses of the longitudinal visits of the LANDSCAPE cohort with the aim to identify markers to slow down disease progression. Finally, we do not report any imaging data to investigate potential neural correlates as there are only subsamples and we do not consider the role of PD depression in this analysis. Besides that, the greatest strength is the large sample size.
In summary, changes in executive function, as well as attention/speed of processing and verbal fluency seem to be prevalent in PD and differ in respect to the different motor phenotypes, contributing to a first study of the ideal subtyping of cognitive degeneration in the PD research field. The present results show that akinetic-rigid patients undergo greater cognitive decline in several cognitive domains compared with TR-D patients, calling for early diagnosis in particular in the higher risk group and individualised therapy interventions at the earliest point.
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